A B S T R A C T Studies were carried out to determine the chemical structures of thyroxine metabolites after total deiodination. Normal subjects were given thyroxine labeled with "C on the nonphenolic ring and the alanine side chain, 8-11 Ag/day for 10 days. By paper chromatography of fresh urine, six or more "C-labeled compounds were separated. The "C-labeled metabolites were concentrated by passing the urine through a nonionic polymeric adsorbent. Two major thyroxine metabolites were identified. The identification was made by three different methods: (a) chromatography, (b) synthesis of derivatives, and (c) recrystallization to constant specific activity. One "C-labeled metabolite was identified as thyroacetic acid or 4-phenoxy-(4'-hydroxy) phenylacetic acid. Another one was identified as thyronine. Of the total urinary "C radioactivity, 43.7% was recovered as thyroacetic acid and 19.8% was recovered as thyronine. Approximately one-fifth of each of these metabolites was present in the urine in bound form which released the free metabolites during acid hydrolysis. The average daily excretion of thyroacetic acid was 13.7% of the renal disposal rate of thyroxine, or approximately 7.5 ig/day. The average daily excretion of thyronine was 6.5% of the renal disposal rate of thyroxine or approximately 3.9 ug/day while the urinary iodide made up 64.7% of the renal disposal rate of thyroxine. Our findings provide the needed proof that the major metabolic pathways of thyroxine remove the iodine atoms by substituting hydrogen for iodine and leave the diphenyl ether nucleus intact.
INTRODUCTION
The biochemical transformation of the iodothyronines may be broadly grouped into deiodination, side-chain alteration, and conjugation. Of these, deiodination has received most of the attention of investigators. Deiodination of thyroxine may be associated with either substitution with hydrogen or aromatic hydroxylation. In Received for publication 15 December 1971 and in revised form 18 February 1972. an aromatic hydroxylation reaction the diphenyl ether nucleus of thyroxine may be cleaved and one or both of the phenyl rings may be ruptured. However, in a substitution reaction with hydrogen, the diphenyl ether may remain intact.
Plaskett(1), Roche, Nunez, and Jaquemin (2) and
Wynn and Gibbs (3) studied thyroxine metabolites by in vitro systems in which radiothyroxine was incubated with a subcellular preparation of rat liver. After hydrolysis, several double-ringed and single-ringed products, among them 1,4-dihydroquinone and diiodotyrosine,
were identified in the media and in the tissue. The radioactive 1,4-dihydroquinone and diiodotyrosine identified were thought to be the degradation products of thyroxine after cleavage of the diphenyl ether nucleus. Lissitzky, Benevent, Roques, and Roche (4) identified thyronine as a thyroxine metabolite after total deiodination. The earlier reports of in vivo experiments after the injection of radiothyroxine also described single-ringed products. Nunez, Rappaport, Jacquemin, and Roche (5) identified monoiodotyrosine and diiodotyrosine in hydrolyzed rat tissue. Wynn (6) identified "C-labeled 1,4-dihydroquinone in the urine of one human subject after the administration of "C-labeled thyroxine. On the other hand, Pittman and Chambers found that the diphenyl ether link of thyroxine was not cleaved to any significant extent during its metabolism in intact rats (7) . More recently Pittman, Read, Chambers, and Nakafuji gave normal men a mixture of two radiothyroxines (8) . One was labeled with 'H on the alanyl side chain and the other with "C on the phenolic ring. The ratios of phenolic ring to nonphenolic ring in the urine, as indicated by the 3H/14C ratios, remained the same as those. in the administered thyroxine dose. Therefore, the bulk of thyroxine metabolites was present as diphenyl ethers in urine. The present study was carried out to elucidate the structures of thyroxine metabolites after total deiodination. A simple method of extracting the thyroxine metabolites from urine was devised. The For injection, the radiothyroxine was dissolved with a small amount of 0.1 N NaOH and ethanol. It was then diluted with NaCl 0.9% to the desired concentration and its final pH adjusted to 7.4. After passing the solution through a Millipore filter (Swinnex X 25 Millipore Corp., Bedford, Mass.), sterile human albumin was added to it to make a 1% solution.
Subjects. Throughout the experiment the eight normal male volunteers were housed in the Clinical Research Unit of the University of Alabama Medical Center. They were all free of thyroid disorders. L-[Tyrosyl-"C]-T4, 8-11 ,g, was administered to the subjects intravenously every day for 10 days. Urine collections were obtained from these subjects until 2 wk past the last injection of radiothyroxine. Because of acute urinary tract infection, the urine collection of subject D. G. was terminated on the 18th day of experiment. Several of the urine collections from J. H. were incomplete. His data were eliminated from Fig. 1 . All urine samples were stored in frozen state until use.
Extraction procedure. The "C-labeled metabolites of thyroxine were extracted from urine by a nonionic polymeric adsorbent, Amberlite XAD-2 (Mesh 20-50, Mallinckrodt Chemical Works, St. Louis, Mo.). After washing with distilled water, the resin was made into a slurry with water (1:4), its pH adjusted to 5.0 and then stored at 4'C until use.
A mixture of 1 vol of the Amberlite slurry and 5 vol of urine was placed in a large beaker and stirred continuously for 1 hr at room temperature. The supernate was decanted and the resin was washed with 5 vol of water three times. Then the adsorbed "C-labeled compounds were eluted from the resin by vigorously stirring the washed resin with 5 vol of methanol for 10 min. The methanol solution was clean enough to be applied to paper for chromatography directly or it was concentrated by lyophilization after its pH was adjusted to 7.0. The recovery from the methanol solution was 80-85% of the total urinary "C radioactivity.
Paper chromatography. Synthesis of derivatives. The methyl and butyl esters were prepared by the method of Brenner and Huber (11) . A 25% solution of HCl in either methanol or butanol was prepared. A known amount of a purified radioactive metabolite and 10.0 mg of a reference compound were dissolved in 1.0 ml of the desired acid alcohol. The mixture was incubated at 70'C for 2 hr. The reaction mixture was then applied to paper for chromatography in multiple solvent systems. The unreacted standard and its ester were visualized by ultraviolet light on the chromatograms. Each spot was cut out and assayed for "C radioactivity.
Recrystallization. A purified preparation of a radioactive metabolite and 1.0 mg of a known reference compound were placed into a small glass tube. The mixture was dissolved in To the original Na2CO3 solution two drops of glacial acetic acid were added. The precipitate was harvested by removal of the supernatant fluid and was washed three times with cold water. The harvested precipitate was redissolved in 1.0 ml of hot 0.1 N Na2CO3. Again 25-!Al portions were removed for assays before acidification with glacial acetic acid. This procedure of recrystallization and sampling was repeated until the precipitates recovered were too low for spectrophotometric measurement.
Acid hydrolysis. A sample of purified metabolite was dissolved in small amounts of distilled water and its pH was adjusted to 1.2 with 2 N HCl. The acidified solution was allowed to stand at room temperature for 1 hr. Its pH was brought back to 7.0. Then it was concentrated by lyophilization for chromatography. 1.2% of the total urinary "C activity was recovered in B band, 59.2±1.5% in A band, and 6.3±0.9% in C band. As seen in Fig. 3 , this distribution pattern of 14C radioactivity among the different bands of thyroxine metabolites remained remarkably constant in the urine collected on 4 consecutive days from one normal subject, and in four urine collections from four different subjects.
RESULTS
When the A band was eluted and rechromatographed in butanol: acetic acid: water (BAW), it further resolved into two different compounds, A1 and A2. As shown in than 90% of the "C activity contained in A and B bands was recovered in the methanol extract of the washed Amberlite resin, while the "C activity contained in band C was largely lost to the resin. Table I contains IS FROM SAME SUBJECT solubility characteristics. In total, the metabolites A, and A2 isolated separately from three subjects were studied. The results from all three recrystallization experiments were similar. Lastly, purified material from B band was subjected to acid hydrolysis. The terial prevented our further study at this moment. Next, the solubility characteristics of A1 and A2 were studied. Purified samples of metabolite A1 were repeatedly recrystallized along with known thyroacetic acid in hot 0.1 N NaICOs solution. The specific activity of the precipitates was determined by spectrophotometric measurement and assay of 14C activity. Fig. 5 shows the spectrophotometric characteristics of our reference thyroacetic acid. As shown in Fig. 6 , during repeated precipitation the mixtures of metabolite AL and thyroacetic acid exhibited constant specific activity, suggesting that A1 and thyroacetic acid have similar solubility characteristics. As a comparison, the metabolite A1 was also recrystallized along with a known L-thyronine. The specific activity of two mixture of A1 and thyronine fell progressively with each recrystallization.
In Fig. 7 reference samples of thyronine and thyroacetic acid were separately recrystallized with a purified sample of metabolite A2 in exactly the same manner. During repeated recrystallization the precipitates from the mixtures of thyronine and metabolite A2 showed constant specific activity while that from the mixtures of thyroacetic acid and metabolite A2 did not. These findings suggest that thyronine and metabolite A2 had similar DISCUSSION After the administration of "C-labeled thyroxine in subreplacement amounts, the cumulative recovery of '4C in the urine was approximately 41% of the total given dose 2 wk after the last intravenous injection. This recovery was comparable with that reported by West, Simons, Gortatowski, and Kumagai (12) and that reported by us in other studies (8) . The '4C-labeled metabolites A, and A2 were purified by repeated chromatography. The methyl esters were synthesized by allowing the compounds to react with acidified methanol for 2 hr at 70'C. Each Rf value represents the average ±SD of four to six studies. BEA, butanol: ethanol: ammonia; BAW, butanol: acetic acid: water; HTAA, hexane: t-amyl alcohol: ammonia. The "C-labeled products of thyroxine in urine were highly soluble in butanol. By saturating the urine with (NH4)2SO4, nearly 80% of the 14C radioactivity was extractable by butanol at neutral pH. These solubility characteristics suggest that in man, the bulk of thyroxine metabolites was excreted by the kidney in a free rather than conjugated form. At least in the instances of thyroacetic acid and thyronine, which make up more than half of the deiodinated thyroxine products in urine, they were observed to be present in a ratio of free to bound forms of 4: 1. In the present study, thyroacetic acid and thyroxine were freed from their bound forms after acid hydrolysis. Limitation of our supply of "C-labeled thyroxine metabolites prevented us from carrying out extensive enzymic hydrolysis of the material contained in band B. Therefore, the chemical nature of these derivatives of thyroxine products was not determined. However, animal studies by Pittman and Shimizu (13) had shown previously that after the administration of 14C-labeled thyroxine to rats, the urine chromatograms also contained a B band which changed its chromatographic characteristics after its incubation with glucuronidase. These results suggest that some of the material contained in B band was conjugated as a glucuronide. These same investigators also observed a species difference in the distribution pattern of free and bound thyroxine metabolites in urine. In rats nearly two-thirds of the urinary "C activity was located in B band, while in man only one-fifth of the urinary "C activity was located in B band.
The "C radioactivity in the urine of our subjects was found to be a mixture of many thyroxine products which showed rather similar chromatographic characteristics in the alkaline chromatographic systems. Some of the thyroxine products were found in very small amounts in the urine, which made detailed studies of their chemical nature very difficult. In the present study, we were able to separate two urinary fractions of thyroxine me- In the five subjects in whom T4 kinetics had been studied previously, the average disposal rate of thyroxine was found to be 82.4 Mg/day (14) . Of this amount of thyroxine, two-thirds or 54.9 i'g/day was disposed through the renal route. Therefore, it can be estimated that in the five subjects studied, the average daily excretion of thyroacetic acid was 7.5 lsg or 13.7% of the renal disposal rate of thyroxine products, including iodide and iodinated metabolites. The average urinary excretion of thyronine was 3.59 Mg/day or 6.53% of the total thyroxine products in the urine. Since iodine in both organic and inorganic forms constituted only 64.7% of the thyroxine disposed through the kidney, there remained 15-20% of the thyroxine products of which the chemical nature was unknown. Our preliminary study showed that after intravenous administration of radioiodine-labeled thyroxine to normal man, approximately 10% of the radioiodine in urine represented organic iodine. Several labeled compounds were observed on urine chromatograms. One of them had the chromatographic characteristics similar to that of thyroxine itself. Earlier studies in rats and dogs by other investigators have also detected free thyroid hormones, their glucuronides, and pyruvic acid analogues in the urine (15, 16) . The urinary contents of these compounds increased when the normal enterohepatic circulation of thyroid hormones was interrupted in the animals.
After incubation of thyroxine with liver microsomes, Wynn and Gibbs observed diiodotyrosine, 1,4-dihydroquinone, and three other thyroxine products which retained parts of both phenyl rings and the side chain (3). Wynn also observed a derivative of 1,4-dihydroquinone in the urine of a human subject after intravenous administration of "C-labeled thyroxine. However, the conclusion of this study was obscured by the fact that the same subject was also given SC-labeled 1,4-dihydroquinone just before the study (6) . Contrary to the findings of these same investigators we did not find any diiodotyrosine or 1,4-dihydroquinone among the major thyroxine products in normal urine, but our findings did The results of present study are in complete agreement with our earlier study in intact rats (7) and in normal human subjects (8) that the bulk of deiodinated thyroxine products in urine retains moieties from both phenyl rings as well as parts of the alanyl side chain. These results agree with the report by Lissitsky and coworkers (4) that thyronine was found to be a thyroxine metabolite after incubation of radiothyroxine with a liver preparation. Our findings that thyroacetic acid and thyronine alone made up 63.5% of the 14C-labeled thyroxine metabolites in urine provide support for our thesis, namely that the major metabolic pathways of thyroxine remove the iodine atoms from both the phenolic and nonphenolic rings by substituting hydrogen for iodine and leave the diphenyl ether linkage intact.
